Abstract. The inter-annual variations in wave spectrum are examined based on the wave data measured at 9 m water depth off the central west coast of India from 2009 to 2012 using a wave rider buoy. The temporal variation of the spectral energy density over a calendar year indicates similar variation in all the four years studied. The inter-annual variations in wave spectrum are observed in all months with larger variations during January to February, May and October to November due to the changes in wind-sea. The seasonal average wave spectrum during the monsoon (June-September) is single-peaked and the swell component is high in 2011 compared to other years. The annual averaged wave spectrum had higher peak energy during 2011 due to the higher spectral energy present during the monsoon period. During the non-monsoon period, two peaks are predominantly observed in the wave spectra; with the average peak at 0.07 Hz corresponding to the swells from the Indian Ocean and another at 0.17 Hz due to the local wind field.
Introduction
Surface waves generated by winds are of importance for scientific and practical use. The sea state is often described in the frequency domain by a wave spectrum. The wave spectrum describes how the wave energy is distributed over a range of frequencies and is used to identify the different wave systems present at the measurement location (Soares, 1991; Hanson and Phillips, 2001; Cuchiara et al., 2009 ). The spectral description of the sea states is an important input for the design of marine structures. Several studies have shown that combined wind-wave and swell systems can occur both in the open ocean and in coastal areas (Soares, 1991) . The coexistence of wind-sea and swell can significantly affect seakeeping safety, offshore structure designs, small boat operations and ship passages over harbour entrances, and surf forecasting (Earle, 1984) . The monsoons of the Indian Ocean are an example of particularly strong ocean-atmosphere interaction over basin scales and the Arabian Sea plays an important role in modulating the monsoon over the Indian Ocean. The large-scale wind field in the northern Indian Ocean reverses between boreal summer and winter, leading to changes in the waves. The earlier studies indicate that the wave spectra in the eastern Arabian Sea are bimodal due to the presence of wind-seas and swells (Baba et al., 1989; Kumar et al., 2000 Kumar et al., , 2003 Kumar and Kumar, 2008; Vethamony et al., 2011) . Some studies based on satellite derived data have indicated that globally the mean wind speed and the wave height are increasing (Young et al., 2011) . Hence, it is important to know the inter-annual variations in wave spectra based on the measured data.
The inter-annual variations in wave characteristics are generally studied by comparing the bulk wave parameters i.e. significant wave height, mean wave period, peak wave period and mean wave direction (Carter and Draper, 1988; Caires and Swail, 2004; Sajiv et al., 2012; Vanem and Walker, 2013; Shanas and Sanil Kumar, 2014) . The earlier studies indicated that spatially the seasonal average bulk wave parameters (wave height and period) did not vary significantly in the eastern Arabian Sea Kumar et al., 2012; Anoop et al., 2014) .
Since the inter-annual variations in wave spectral characteristics are not known off the central west coast of India, a study is carried out for the period of 2009-2012. The location selected for the study is at 9 m water depth off Honnavar, where the measured wave data is available (Fig. 1) . The geographical co-ordinates of the location are 14.3042 • N; 74.3907 • E and the location is 2.5 km off the west coast of the Indian mainland. The objective of the study is to investigate the characteristics of wind wave spectra and thus, to have a better understanding of the nature of the waves occurring in the region. The inter-annual and seasonal variations in the bulk wave parameters of the study location from March 2008 to March 2011 were studied by Sajiv et al. (2012) and the wave spectral characteristics during 2011 at this location were reported by Kumar et al. (2014) . Anoop et al. (2014) studied the temporal variations of the bulk wave parameters during 2011 and 2012 at locations situated 80 and 350 km north of the present study location.
Materials and methods
Wave data measured by the Datawell directional wave rider buoy is used in the study. The data recorded continuously at 1.28 Hz and the data of 30 min duration are processed as one record. The details of the data collection and analysis were presented in Kumar et al. (2014) . The wave spectrum is computed from the measured time series of the heave motion of the buoy using fast Fourier transform. The frequency resolution is 0.005 Hz for frequencies less than 0.1 Hz, and 0.01 Hz otherwise. Significant wave height (H m0 ) is estimated from the wave spectrum. Mean wave direction is estimated from the measured time series of heave and the two translational (north-south and east-west) motions of the buoy based on circular moments (Kuik et al., 1988) . Measurements are made in Coordinated Universal Time (UTC) and the time referred in the paper is UTC. The wind data used in the study is the reanalysed zonal and meridional components of the wind speed at 10 m height at 6 h intervals from NCEP/NCAR (Kalnay et al., 1996) on an approximately 2 • grid. These data were provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado at http://www.cdc.noaa.gov/.
The frequency bins over which the wave spectrum was estimated every half hour is the same in all years. Hence, from the half-hourly wave spectrum, the monthly and seasonally averaged wave spectrum is computed by taking the average of the spectral energy density at the respective frequencies over the specified time. Similarly, the monthly and seasonally averaged mean wave direction at different frequencies is also estimated.
Results and discussions

Temporal variation in wave spectra
The time series plot of the maximum spectral energy density over a calendar year indicates that the spectral energy density is high (5-37 m 2 Hz −1 ) during the monsoon period (June-September) due to the persistence of strong southwest (SW) winds in the Arabian Sea as a result of the SW monsoon (Fig. 2) . The seasonally averaged spectral energy density for the SW monsoon period is 4.1 m 2 Hz −1 during 2009, 4.8 m 2 Hz −1 during 2010 and 2012 and is 5.5 m 2 Hz −1 during 2011. The spectral energy density is relatively high during 2011 SW monsoon compared to other years. During the non-monsoon period, the maximum spectral energy density is less than 5 m 2 Hz −1 with an average value of 0.6 m 2 Hz −1 . The annual average value of maximum spectral energy density is also high (∼ 2. In order to understand the evolution of spectral components over time, the contour plots of wave spectral energy density in the frequency-time domain are drawn. The frequency band where most wave energy concentrates is also of importance to a designer, to keep the natural frequency of the structure away from this frequency band to avoid resonance phenomenon. The temporal variations of the normalised spectral energy density with frequency (unit spectrum) for the years 2009, 2010, 2011 and 2012 are presented in Fig. 3 . The spectral energy density at each frequency is divided with the maximum spectral energy density of the respective spectrum to obtain the normalised spectral energy density. In all the years, from June to August (Julian day 151 to 243), the wave spectra is narrow-banded with wave spectral energy density predominantly between frequencies 0.07 and 0.12 Hz (14 and 8 s) and in September, the wave spectral energy density is predominantly between 0.09 and 0.14 Hz (11 and 7 s). Barring the SW monsoon period, the wave spectra are broad-banded with the presence of windseas and swells. From January to April, the spectral energy peak is predominantly in the low frequency side due to the presence of long-period swells and occasionally the predominance of wind-sea is also observed. The temporal variation in spectral energy density over the annual period is similar during all four years studied.
The direction of different waves in a wave train can be identified from the plot of wave direction in the frequencytime domain. From January to May and from October to December, the low frequency (< 0.12 Hz) waves are from 210 to 240 • (Fig. 4) . From March to May and in October, the high frequency waves are predominantly from 270 to 300 • , whereas from November to February, the high frequency waves are from a direction more than 300 • due to the prevailing NW wind in the Arabian Sea (Fig. 5) . During the SW monsoon period, most of the waves are from 240 to 270 • except the waves with frequency less than 0.08 Hz, which are from 210 to 240 • . In July-August 2009, high frequency waves from 270 to 300 • are also observed. Anoop et al. (2014) observed that during the monsoon period, the wave characteristics are similar for the 270 km long stretch in the eastern Arabian Sea since the waves along this part are predominantly (∼ 72 %) swells. Figure 4 also indicates locally generated waves with low energy and high frequency from the southeast.
A typical directional wave spectrum during the nonmonsoon and monsoon period is presented in Fig. 6 . Two well-defined peaks are observed during the non-monsoon period due to the presence of wind-seas (from 280-320 • ) and swells (from 210-240 • ) in the study area. These peaks represent the wind-seas generated close to the coast by local winds and long-period waves originating in the Southern Indian Ocean, far away from the coast (Glejin et al., 2013; . During the monsoon period, a mainly single-peak wave spectrum is observed with waves from 240-270 • . 
Inter-annual variations in monthly and seasonally averaged wave spectra
The monthly averaged wave spectrum is computed to study the inter-annual variations of spectral energy density for different months during 2009-2012. The main spectral characteristic deduced from the monthly average spectrum is the presence of large amounts of energy in the swell frequency and less energy in the wind-sea frequency. Monthly averaged wave spectra are single-peaked during the SW monsoon period (June-September) in all years and double-peaked during the rest of the year (Fig. 7) . Swells from the south Indian Ocean and the locally generated wind-seas are responsible for the double-peaked wave energy spectrum in the eastern Arabian Sea . From January to March, the wind-sea component is high in 2012 compared to 2010 and 2011 due to the relatively stronger winds present in the study area (Fig. 5) . The variation in monthly averaged wave spectrum in June for different years is due to the low wave activity in 2009 resulting from the delayed monsoon compared to other years. During 2008 -2010 , Sajiv et al. (2012 also noted large variations in monthly average value of H m0 in June. The high wind-sea peak during November 2009 is due to the cyclonic storm Phyan which passed off the west coast of India. The study shows that the inter-annual variations in wave spectrum are observed in all months with larger changes during January-February, May and OctoberNovember. Inter-annual changes observed in the wave spectrum are due to the changes in the local wind and the swells from the Southern Ocean and the variations in monsoon intensity. Even though the monthly average peak frequency of the swell is the same during all years, there is variation in the monthly average peak frequency of the wind-sea. Since there are variations in the monthly averaged wave spectrum for different years, the variation in the average wave spectrum during different seasons is examined. During the pre-monsoon period (February-May), the swell component in all years is same except in 2009 and also there is variation in the wind-sea component (Fig. 8a) . The windsea component is high in 2009 and 2012 compared to other two years. During the monsoon, the wave spectrum is singlepeaked and the swell component is higher in 2011 compared to the other three years (Fig. 8b) . In the post-monsoon period (October-January), the swell component is low during 2010 but high during 2009 (Fig. 8c) . The wind-sea component is also high during 2009 due to the "Phyan" cyclonic storm. The shape of the annual averaged wave spectrum is similar for all four years, with higher peak energy during 2011, due to the higher spectral energy present during the monsoon period (Fig. 8d) . The ratio of wave height to water depth is 0.69, which is less than the breaking criteria of 0.78 (USACE, 1984) . Hence, no waves were breaking regardless of the wave height to depth ratio, but during high wind conditions some waves were probably breaking, affecting the buoy measurements locally (Pascal et al., 2011) . However, it was not possible to correct wave height measurements due to whitecapping.
Ann
The waves with H m0 > 2 m are observed for 10 to 15 % of the time in a year and are during the SW monsoon period. The spectral shape of these waves is required to design the marine structures. The annual average spectrum of waves with H m0 more than 2 m is similar for the four years, with the peak frequency around 0.09 Hz (Fig. 9a) . Kumar and Kumar (2008) represented the shallow water wave spectrum of high waves (H m0 > 2 m) with a JONSWAP spectrum (Hasselman et al., 1973) with modified parameters (α = 0.0027 and γ = 1.63). Since these high wave spectra along the eastern Arabian Sea are mainly swells, and it is a narrow spectrum, the JONSWAP spectrum with appropriate peak enhancement parameter (γ ) can represent the swell (Goda, 1983) . The study shows that the spectrum of high waves (H m0 > 2 m) can be represented with a JONSWAP spectrum (Fig. 10) . A fitted JONSWAP spectrum is obtained by select- ing the parameter α (Phillips constant) and γ of the JON-SWAP spectrum such that the peak of the spectrum agrees. For high waves (H m0 > 2 m), α range from 0.0012 to 0.0017 and γ from 1.27 to 1.39 for different years. The estimated values of the JONSWAP parameters are less than the generally recommended values of 0.0081 and 3.3, respectively. For frequencies above 0.13 Hz, the fitted JONSWAP spectra deviate from the measured data. In the JONSWAP spec- trum, the rate of energy decay for the high frequency part is inversely proportional to frequency to the fifth power. The high frequency tail that best describes the spectral decay is still subject to debate, although in many studies there is clear evidence that its value lies between −3.5 and −5 (Donelan et al., 1985; Young and Verhagen, 1996) .
For the study area, the high frequency part of the spectra of high waves (H m0 > 2 m) is between the curves proportional to f −4 and f −3 (where f is the frequency). For frequencies from 0.1 to 0.2 Hz, the high frequency part is close to f −3 and for frequencies from 0.2 to 0.4 Hz, the high frequency part is close to f −4 (Fig. 9a) . Young and Verhagen (1996) found that the exponent of the spectral curve in the high-frequency region is approximately −5 in deep water and around −3 in finite depth. The waves with H m0 < 1 m are observed for 65 % of the time in a year and are mainly during the non-monsoon period. During the non-monsoon period, two peaks are predominantly observed; one at 0.07 Hz due to the swells from the Indian Ocean and another at 0.17 Hz due to the local wind field (Fig. 9b) . During the non-monsoon period, the high frequency part of the wave spectrum beyond 0.2 Hz is proportional to f −3 . Whereas the decreasing of the high frequency part of the swell peak between 0.07 and 0.11 Hz is proportional to f −4 . 
Diurnal variation in wave spectral parameters
Waves of amplitude 0.5 m < H m0 < 1 m are predominant and represent more than 42 % of the annual wave climate while waves with H m0 > 3 m represent about 1 %. Earlier studies along the eastern Arabian Sea indicate diurnal variation in wave parameters due to the influence of sea breeze (Neetu et al., 2006; Vethamony et al., 2011; Glejin et al., 2013; Kumar et al., 2014 ). The present study shows that the diurnal variation in the significant wave height are almost similar for all years (Fig. 11) . The diurnal variation is high (∼ 0.2 m) during January-April and November-December, negligible (< 0.1 m) during June and July (except in July 2009) due to the SW monsoon winds, and low (∼ 0.1 m) during rest of the year. The time during which the wave height reaches its maximum is not the same for different years. There is a difference of up to 2 h in the time at which the wave height reaches maximum during December and January (Fig. 11) . Due to the sea breeze, the wave height reaches maximum during 15:00-18:00 UTC except during May. In May, the wave height reaches maximum at 13: 00, 14:48, 16:12 and 16:12 UTC in 2011 , 2009 and 2010 . Aboobacker et al. (2014 and 21 h (12:30 and 15:30 UTC). The diurnal variation in the percentage of short-period waves (T < 6 s; dominated by local seas) is examined since they are mainly locally generated waves. The percentage of short-period waves increased from 10 to 15 % during January-April and November-December due to the sea breeze (Fig. 12) . During June-August, diurnal variation in the percentage of short-period waves was less than 5. In order to know the change in the wave spectrum due to sea breeze, the monthly averaged wave spectra during 06:00 and 17:00 UTC are compared during the peak sea breeze period (February-April) for the years 2009-2012 (Fig. 13) . The increase in the spectral energy of the wind-sea part is observed at 17:00 UTC compared to 06:00 UTC during February-April with a higher increase during February compared to other months. The increase is similar during all four years. The swell part of the spectrum is similar during 06:00 and 17:00 UTC in all the months studied. A slight increase in maximum spectral energy density of the swell is observed at 17:00 UTC in March 2010.
Due to the sea breeze, the mean wave direction changes from SW-W to NW-W during 06:00 to 17:00 UTC (Fig. 14) . The swell direction is the same in each particular month for all four years. Since measurement was carried out in relatively shallow locations (water depth ∼ 9 m), the measured waves are influenced by the depth. The ratio of water depth and wave length associated with the mean wave period varied from 0.05 to 0.91 with an annual average value of 0.2 to 0.25 (< 0.5) for different years, indicating that the measured waves are in transitional water. Hence, the waves measured are transformed waves, and the wave height, wave direction and the wave spectra reported in this paper will be different from that in deep water. Kumar et al. (2014) reported that, depending on the wave period, waves from 210 • in deep water will have a direction of 217-241 • at 9 m water depth off Honnavar.
Conclusions
The variations in wave spectral characteristics during 2009-2012 are studied based on the measured wave data at 9 m water depth off the central west coast of India. Inter-annual variations in the wave spectrum are observed for all months with large variations during January-February, May and OctoberNovember. The annual average wave spectrum has higher peak energy during 2011 due to the higher spectral energy present during the monsoon period and the annual average maximum spectral energy density is high during 2011.
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The annual average spectrum of waves with significant wave height more than 2 m is similar in the four years with the peak frequency around 0.09 Hz. Due to the sea breeze, an increase in the spectral energy of the wind-sea part is observed between 15:00 and 18:00 UTC during February-April. During the non-monsoon period, the high frequency part of the wave spectrum beyond 0.2 Hz is proportional to f −3 , whereas the decreasing of the high frequency part of the swell peak between 0.07 and 0.11 Hz is proportional to f −4 .
